The dust in nearby galaxies absorbs a fraction of the UV-optical-near-infrared radiation produced by stars. This energy is consequently re-emitted in the infrared. We investigate the portion of the stellar radiation absorbed by spiral galaxies from the HRS by modelling their UV-to-submillimetre spectral energy distributions. Our models provide an attenuated and intrinsic SED, from which we find that on average 32 % of all starlight is absorbed by dust. We define the UV heating fraction as the percentage of dust luminosity that comes from absorbed UV photons and find this to be 56 %, on average. This percentage varies with morphological type, with later types having significantly higher UV heating fractions. We find a strong correlation between the UV heating fraction and specific star formation rate and provide a power-law fit. Our models allow us to revisit the IRX -A FUV relations, and derive these quantities directly within a self-consistent framework. We calibrate this relation for different bins of NUV − r colour and provide simple relations to relate these parameters. We investigated the robustness of our method and conclude that the derived parameters are reliable within the uncertainties that are inherent to the adopted SED model. This calls for a deeper investigation of how well extinction and attenuation can be determined through panchromatic SED modelling.
Introduction
The obscuring power of cosmic dust has a significant effect on our view of the Universe. Dust grains in all environments absorb a portion of the light emitted by stars and active galactic nuclei (AGN). This energy is reprocessed and makes dust the prime source of emission in the far-IR (FIR) and submillimetre (submm) regimes. For a given galaxy, it is hard to measure exactly how much of the starlight is attenuated by dust and how this amount differs with wavelength and environment. These are useful quantities to know, for example when constructing luminosity functions and colour-magnitude diagrams and when determining star formation rates (SFRs) or stellar masses. Additionally, it can play a key role in comparing simulated galaxies or universes with our own Universe. In a broader context, the average fraction of absorbed energy (and the correHerschel is an ESA space observatory with science instruments provided by European-led Principal Investigator consortia and with important participation from NASA. sponding dust luminosity) allows estimates of the extragalactic background light (see e.g. Skibba et al. 2011) .
Several studies in the 1990s attempted to determine the bolometric luminosity in nearby galaxies based on data from the IRAS mission, and they found a typical number of about 30% for the fraction of the bolometric luminosity absorbed and reemitted by dust (Soifer & Neugebauer 1991; Xu & Buat 1995) . A dedicated study was performed by Popescu & Tuffs (2002) . Their work was based on a sample of 28 spiral galaxies with multi-band optical and ISOPHOT FIR observations. They found the same percentage of attenuation: on average, interstellar dust absorbs and re-emits about 30% of the bolometric luminosity of late-type galaxies.
While the study of Popescu & Tuffs (2002) was a significant step forward in determining the bolometric attenuation compared to IRAS-based estimates, their work still suffered from a number of limitations. Their sample size was modest, which limits a detailed statistical study. Moreover, the wavelength range on which their analysis was based was rather limited. Optical data were available for all galaxies, but UV 1 data were not. In the near-IR (NIR), only K'-band magnitudes were available (Hband data for only a few galaxies). But more importantly, the dust luminosity was estimated using only three FIR bands centred at 60, 100, and 170 µm. The lack of data beyond 170 µm and in the mid-IR (MIR) region puts limitations on a secure determination of the dust luminosity. Finally, only Virgo Cluster galaxies were included in the study, which may cause significant bias (e.g. due to the dense cluster environment).
More than a decade later, we are now in a situation where we can eliminate most of these concerns. Most importantly, the number of galaxies for which the entire UV-submm spectral energy distribution has been sampled accurately and densely, has increased enormously in the past few years. Concerning the stellar part of the SEDs, thousands of nearby galaxies have been imaged in the UV by the Galaxy Evolution Exporer (GALEX, Martin et al. 2005) , in the optical by the Sloan Digital Sky Survey (SDSS, Aihara et al. 2011) , and in the NIR by the TwoMicron All Sky Survey (2MASS, Skrutskie et al. 2006a) . Even more important for our goal is the spectacular increase in the coverage of the infrared part of the SED. MIR imaging is now available for the entire sky thanks to the WISE survey (Wright et al. 2010) , and many nearby galaxies have been imaged by Spitzer (Werner et al. 2004) and Herschel (Pilbratt et al. 2010 ) at longer wavelengths. The latter mission is particularly useful for our goals as Herschel is the first large-scale mission to cover the submm region at wavelengths beyond 200 µm, where the emission from cool dust dominates.
Consequently, the exercise of determining the bolometric absorption by dust was repeated in the Herschel era. Skibba et al. (2011) investigated the dust/stellar flux ratio for the KINGFISH sample . Only considering the spiral galaxies of their sample, they find an equivalent of 31% for the bolometric attenuation. Although this is a comforting confirmation of previous studies, it was still derived in a rather empirical way from (as they state) a relatively small and incomplete sample.
In addition to the availability of large samples of galaxies with high-quality SED data, we now also have the advantage that advanced tools have become available for analysing observed SEDs. Panchromatic SED fitting has been the subject of intense research in the past few years (for an overview, see Walcher et al. 2011; Conroy 2013) . Various powerful libraries and fitting tools have become available to analyse the observed SEDs from UV to submm wavelengths (e.g. Groves et al. 2008; da Cunha et al. 2008; Noll et al. 2009; Serra et al. 2011; Silva et al. 2011, Boquien et al. in prep) .
The combination of high-quality SED data and advanced panchromatic SED fitting tools implies that we can extend our analysis beyond only determining the bolometric attenuation in galaxies. First, we can correlate the bolometric attenuation with fundamental physical galaxy properties derived from the SED modelling, such as stellar masses and SFRs. Second, it also allows a more detailed investigation of the absorbed energy spectrum. This can be used to quantify the importance of different heating sources for the dust in normal spiral galaxies. This question has been the subject of quite some debate in the recent past, and different approaches have been used to tackle this problem (e.g. Rowan-Robinson et al. 2010; Boselli et al. 2010a Boselli et al. , 2012 Bendo et al. 2010 Bendo et al. , 2012a Bendo et al. , 2015 Boquien et al. 2011; Popescu et al. 2011; De Looze et al. 2012a,b; Hermelo 1 Following Xu & Buat 1995 , we define the UV domain as the wavelength range up to 3650 Å et al. 2013 ). The results from these studies are mixed: it seems that in normal spiral galaxies, both young and evolved stellar populations can dominate the dust heating budget.
Another important attenuation-related quantity is the attenuation in the GALEX FUV band, A FUV . Estimating the attenuation in this wavelength range is extremely useful if one wants to determine the SFR of galaxies, often probed by the FUV flux. Closely related to A FUV is the ratio of the total IR (TIR) and the FUV luminosity; IRX. The IRX ratio is one of the best, geometry-independent methods to determine the UV attenuation in galaxies (see e.g. Buat & Xu 1996a; Meurer et al. 1999; Gordon et al. 2000 , and references therein). Recent studies have attempted to calibrate this relation based on theoretical models and observations Hao et al. 2011) . Boquien et al. (2012) investigated the IRX-β relation at sub-galactic scales for a sample of seven face-on galaxies. They made use of the powerful tool of panchromatic SED fitting to provide a consistent picture of the attenuation and its link to observational quantities. A calibration of A FUV for a large and representative sample of local galaxies using this technique would prove its worth. With our panchromatic SED modelling and information on the intrinsic flux of each galaxy, we approach the independent measurement of A FUV . This allows us to revisit previous calibrations and provide a new calibration based on physically consistent parameters for a representative set of local galaxies.
This paper aims to provide a better determination of three main attenuation-related galaxy parameters and to understand how these parameters are related to global galaxy properties. This is done in a self-consistent model framework and through panchromatic SED fitting. Our goal is to quantify how much of the starlight is absorbed by dust, both in total energy and in the UV domain, where the effect of extinction and dust heating is the greatest. In Section 2 we present the sample we use for this study and the available data. In Section 3 we discuss the methods we use for our analysis and define three main attenuation parameters: the bolometric dust fraction f dust , the UV heating fraction ξ UV , and the FUV attenuation A FUV . Our results are presented in Section 4. Section 5 discusses the correlations found and highlights some of the model caveats. We conclude in Section 6.
Sample selection and data
This paper is based on the Herschel Reference Survey (HRS, Boselli et al. 2010b ), a Herschel guaranteed-time key programme that targeted a sample of 322 galaxies in the local Universe. The sample covers a wide range of densities from the field to the centre of the Virgo Cluster and spans the entire range of morphological types from ellipticals to late-type spirals. Thanks to the proximity (all galaxies are between 15 and 25 Mpc) and the completeness of the sample, the HRS can be used both for detailed studies of individual galaxies (e.g. Gomez et al. 2010; Cortese et al. 2010a; Roussel et al. 2010; Pohlen et al. 2010; De Looze et al. 2012a ) and for statistical analyses (e.g. Boselli et al. 2010a Boselli et al. , 2012 Cortese et al. 2012c; Smith et al. 2012b; Ciesla et al. 2014) .
Thousands of nearby galaxies have been observed by Herschel as part of several large surveys, and for many of these surveys complementary data are available from UV to MIR wavelengths. Our approach requires a representative sample of nearby galaxies with accurate photometry from the UV to submm wavelengths. We chose the HRS in particular is because of the K-band and volume-limited selection, making it a complete sample, representative of 'normal' galaxies in the local universe.
In this paper we focus on the late-type galaxy subsample (types Sa and later, galaxy types are taken from Table 1 in Cortese et al. (2012a) ). We exclude the galaxies without Herschel PACS or SPIRE fluxes (HRS 104, 116, 164, 195, 225, 228, 229, and 291) or without GALEX fluxes (HRS 4, 5, 10, 38, 73, 76, 238, 254, 259) . Additionally, we remove HRS 284 (no SDSS) from our sample. Of the remaining galaxies, 14 were found to have a strong AGN. The AGN classification was done through analysis of optical spectral lines of the galaxy nuclei and will be presented in Gavazzi et al. (in prep.) . We plot them separately in section 4. However, we do not treat them as a separate subsample because, as we show, their attenuation properties are not fundamentally different.
The final sample counts 239 galaxies. The spread over the different morphological types can be found in Table 1 . The HRS was originally proposed to acquire Herschel observations, but now a vast set of ancillary data is available. In this work, we focus on the broad-band data (see list below), but there is also narrow band photometry in Hα (Boselli et al. 2015) , optical spectroscopy (Boselli et al. 2013; Hughes et al. 2013a) , and atomic and molecular gas data (Boselli et al. 2014a) . For the present study we use integrated flux densities over the UV-submm range:
-GALEX FUV and NUV and SDSS gri flux densities are taken from Cortese et al. (2012a) ; -2MASS J, H, and K s data from the 2MASS archive (Skrutskie et al. 2006b ); -Spitzer IRAC 3.6 and 4.5 µm flux densities from the S 4 G project (Sheth et al. 2010) ; -WISE 12 and 22 µm data taken from Ciesla et al. (2014) ; -Integrated Spitzer MIPS 24, 70 and 160 µm fluxes are taken from Bendo et al. (2012b) ; -Herschel PACS 100 and 160 µm flux densities are taken from Cortese et al. (2014) ; -Herschel SPIRE 250, 350, and 500 µm flux densities are taken from Ciesla et al. (2012) . Correction factors to convert them to the latest SPIRE calibration and beam factors are taken into account.
For many galaxies in the sample, additional data are available that could be added to the database. To have a database that is as uniform as possible for all galaxies in the sample, we limited our database to these data.
Dust attenuation analysis
We make use of the Bayesian SED fitting code MAGPHYS (da Cunha et al. 2008) . The code has been used extensively in recent years and has proved reliable (see e.g. Michałowski et al. 2014; Smith & Hayward 2015, and references therein) . The UV-to-submm SED is fitted by comparing a library of physically motivated SED templates to the observed data points. The parameter values used to build each template are then weighted by the corresponding χ 2 , creating probability density functions (PDF). As a result, we know the most probable value for each model parameter. The χ 2 goodness of fit in MAGPHYS differs conceptually from a classic reduced χ 2 . The Bayesian approach of MAGPHYS does not actively vary a set of free parameters. Instead, a series of model templates are created a priori and then evaluated one-by-one with the observations. The weighted χ 2 formalism described in da Cunha et al. (2008) reflects the difference between model and observations and takes the observational uncertainty into account. It is set up in such a way that a χ 2 around unity indicates a good fit. The UV-to-NIR regime is modelled using the 2007 version of the Bruzual & Charlot (2003) simple stellar population formalism (see Bruzual 2007) . The model assumes a Chabrier (2003) IMF and an exponentially declining star formation history (SFH), with random bursts of star formation superimposed. On top of that is the dust attenuation model based on the formalism of Charlot & Fall (2000) . There is extinction and scattering by dust in the diffuse ISM and by dust in circumstellar clouds. The optical depth for a stellar population depends on its age, with young stars being more obscured than older stars. Galaxies with younger stellar populations will therefore have more extinction of their starlight (yielding higher dust luminosities) and are more likely to have higher values of attenuation. The MIR-to-submm SED is constructed using a series of modified black body functions and a template for the PAH features. The Charlot & Fall (2000) dust model is used to treat the interaction of dust and starlight. A key point of MAGPHYS is the conservation of energy. The energy that is absorbed at UV and optical wavelengths is consistently re-emitted in the FIR and submm regimes. For more details on the theoretical model, we refer the reader to da Cunha et al. (2008) .
We have adopted a slightly extended version of the code, which has a wider range in cold dust temperature (T ISM C = 10 − 30K, compared to a standard range of 15 − 25 K) and warm dust temperature (T BC W = 30 − 70K, where the standard range is 30 − 60 K). This extension is needed to adequately fit the SED objects for which the narrow standard dust temperature ranges are insufficient. For the HRS, cold dust temperatures were found to lie within the 10-30K range based on modified black body fitting (Cortese et al. 2014 ). The extended library of SED templates proved to work well at sub-kpc scales (Viaene et al. 2014 ), but also for integrated galaxy SEDs (Agius et al. 2015, Papallardo et al. in prep.) .
The quality of the fits to our 221 galaxies is generally excellent judging from a visual inspection of each galaxy and from the overall χ 2 distribution (see Fig. 1 ). It resembles a normal distribution, peaking close to unity, but has a small tail towards the high end. Two objects have a χ 2 > 3: HRS 184 and HRS 222. Both objects show slightly offset MIPS data points, but the fits are still of sufficient quality for our purposes. We omit HRS 142 from our sample because MAGPHYS is unable to fit the exceptionally broad FIR peak (χ 2 > 18). A representative SED fit is shown in Fig. 2 , together with several parameter PDFs.
MAGPHYS allows us to determine basic galaxy parameters, such as stellar mass (M ), SFR averaged over the last 100 Myr, and dust luminosity (L dust ). Additionally, it provides us with the unattenuated SED. Upon comparing this intrinsic SED (without dust attenuation) with the 'normal', attenuated SED, the wavelength dependence of dust attenuation can be investigated.
In this work, we make use of MAGPHYS' capacity to provide an attenuated and unattenuated SED. We focus on three attenuation-related quantities: 1) the bolometric attenuation f dust or the fraction of the bolometric luminosity that is absorbed by dust, 2) the UV heating fraction ξ UV , which is the fraction of UV radiation to the total absorbed luminosity, 3) A FUV , the attenuation in the FUV band.
From the attenuated and unattenuated SED provided for each galaxy, we can directly calculate f dust = L dust /L bol . We can also easily calculate the detailed SED of the radiation absorbed by dust, i.e. L Number of galaxies bution due to UV radiation as
where the integral in the numerator covers the UV domain (λ < 3650 Å). Finally, A FUV is computed by convolving both the attenuated and the unattenuated best fit SED with the GALEX FUV filter response curve and computing
In the subsequent analysis, we correlate f dust and ξ UV to a number of other global physical galaxy parameters, such as stellar mass, SFR, and specific star formation rate (sSFR), which is often used in the context of galaxy evolution. We also recalibrate the often studied relation between IRX vs. the A FUV relation, where we define IRX as TIR/FUV = L dust /L att FUV . Our calibration is done in a self-consistent framework and provides a method for determining A FUV from empirical, observational data, which are relatively easy to obtain. All of these quantities are directly derived from the MAGPHYS model. MAGPHYS has been thoroughly tested, and we limit ourselves to those parameters that are known to be determined well by the fitting, given a good panchromatic wavelength coverage. However, these parameters can still be model dependent. We come back to this in Sect. 5.
The uncertainties on the attenuation parameters and on the physical quantities L dust , M , SFR, and sSFR are derived through a Monte Carlo bootstrapping method. For each galaxy, we alter the observed fluxes by choosing a random value from a normal distribution centred on the observed flux and with the flux uncertainties as standard deviation. We then re-run the MAGPHYS fitting and derive all our parameters again from the output. We perform 100 iterations per galaxy, sufficient for a reliable estimate of the uncertainty on our parameters. 
Results

The bolometric attenuation
The top left-hand panel of Figure 3 shows a histogram of the bolometric attenuation for all the galaxies in the sample. The mean value obtained for our sample is f dust = 32%, which basically reproduces the value obtained by previous studies (Soifer & Neugebauer 1991; Xu & Buat 1995; Popescu & Tuffs 2002; Skibba et al. 2011) . Soifer & Neugebauer (1991) used the integrated optical and FIR luminosity density of the 60 µm-selected IRAS Bright Galaxy Atlas (BGS, Soifer et al. 1987 ) to estimate f dust . Xu & Buat (1995) and Buat & Xu (1996b) improved on this study by using a sample of nearby spiral galaxies that were detected by IRAS and observed in the UV. To correct for the thermal emission from cool dust beyond the IRAS cut-off at 120 µm and in the MIR region, they used empirical correction factors based on a small sample of 13 nearby galaxies observed in the submm. Popescu & Tuffs (2002) used ISO data out to 170 µm, so they could actually trace the cool dust component in the individual galaxies. These authors attributed their finding the same value of 30% as obtained by Soifer & Neugebauer (1991) to two factors that work in opposite directions. On the one hand, the BGS is biased towards FIR-bright galaxies, as already mentioned, and thus favours galaxies that have more dust than the average local spiral galaxy population. On the other hand, estimating the dust luminosity from only IRAS flux densities misses the bulk of the cold dust in galaxies, which implies that the estimates of the bolometric attenuation in Soifer & Neugebauer (1991) are an underestimate of the true bolometric attenuation. It seems a happy coincidence that these two factors, which work in opposite directions, cancel out exactly.
More recently, Skibba et al. (2011) have analysed the dust/stellar flux F d /F for the KINGFISH galaxies. For their subset of 35 nearby spirals, they find that log(F d /F ) = −0.35. This is equivalent to f dust = 31%. Their method was purely observational, integrating the UV to submm SED through simple linear interpolation. However, they indicate that their sample was not statistically complete.
That we again recover essentially the same number as these earlier studies is remarkable and requires further exploration. First, one would expect that the ISO-based estimates of the dust luminosity might be an underestimate of the real dust luminosity in spiral galaxies. Indeed, most spiral galaxies still have significant dust emission beyond 170 µm, so FIR/submm data beyond this wavelength are required to correctly recover the dust temperature distribution, hence dust mass and luminosity (e.g. Gordon et al. 2010; Galametz et al. 2011) . Skibba et al. (2011) note that the lack of SPIRE data led to the underestimation of the total dust luminosity by 17%. On the other hand, they do retrieve the same average value for f dust . But then again their sample is relatively small and contains objects in different environments than the ones from Popescu & Tuffs (2002) . Additionally, one could expect the mean value of the bolometric luminosity of our study to be higher than the 30% value obtained by Popescu & Tuffs (2002) because their sample contained only Virgo Cluster galaxies. It is well-known that spiral galaxies in the Virgo Cluster are generally deficient in atomic gas (Davies & Lewis 1973; Giovanelli & Haynes 1983) , which is considered to be due to ram pressure stripping by the hot cluster gas. Recent observations suggest that the same accounts for interstellar dust: Virgo Cluster galaxies contain on average less interstellar dust than similar galaxies in sparser environments (Boselli & Gavazzi 2006; Cortese et al. 2010b Cortese et al. , 2012c .
To investigate whether this has an effect on the mean bolometric attenuation, we plotted the bolometric attenuation as a function of the HI deficiency in the middle left-hand panel of Fig. 3 . For more information on the HI data for the HRS and the computation of def Hi , we refer to Boselli et al. (2014a) . To quantify the strength of the correlations presented in this paper, we computed Kendall's rank coefficient τ (Kendall 1938; Kendall & Gibbons 1990 ). This non-parametric correlation coefficient is derived from the number of concordant (C) and discordant (D) pairs upon ranking the data: τ = C−D C+D . A τ value of one points towards a perfect correlation, while τ = −1 indicates an anti-correlation. The coefficient is zero when no correlation is present. For each τ, an associated p-value can be computed that reflects the chance that the null hypothesis (no correlation) is true. This formalism allowed us to directly compare the correlations we present in this work and quantify the chances of a genuine link between physical parameters.
The correlation between f dust and def Hi is weak, and we find that Kendall's τ = −0.35. However, the chance of no correlation is small (p = 1.58 × 10 −15 ). Most of the HI deficient galaxies (def Hi > 0.5) do occupy the region where f dust < 30%. In fact, for the HI deficient galaxies, the average f dust = 0.25 with a standard deviation of 0.11. On the other hand, galaxies with def Hi < 0.5 have f dust = 0.34 with a standard deviation of 0.13. A Kolmogorov-Smirnov (K-S) test showed that the probability of both samples coming from the same distribution is 7.35 × 10 −8 . This means the bolometric attenuation properties of HI deficient and non-deficient galaxies are significantly different. The trend could indicate that environment and galaxy interactions play a role in governing the amount of starlight that is attenuated. This is in line with the findings of Cortese et al. (2010b) ; Boselli et al. (2014b) and can be interpreted in two ways. One possibility is that rapid quenching of the star formation occurs. When this happens (which is usually the case in a cluster environment), the UV energy output by new stars drops dramatically. Consequently, less energy is absorbed, and the bolometric attenuation fraction drops. Galaxies with quenched star formation due to interactions are usually deficient in atomic gas as well, hence the observed trend. Alternatively, dust may simple get stripped when a galaxy enters a dense environment. This directly causes a decrease in attenuation fractions.
That star formation affects the bolometric attenuation fraction is clear from the middle panel in Fig. 3 . We observe a positive correlation between f dust and SFR, with τ = 0.44 and p = 3.29 × 10 −24 . Still there is quite some scatter on the relation: e.g. for Milky Way type galaxies with a SFR of the order of 1 M yr −1 , there are galaxies with bolometric attenuation below 20% and others with values up to almost 60%. It has been shown that galaxies with high def Hi usually have low SFR (see Boselli & Gavazzi 2006 , for a review). This is an intuitive link as gas content and SFR are strongly connected through the SchmidtKennicutt law (Schmidt 1959; Kennicutt 1998) . Because SFR anti-correlates with def Hi and positively correlates with f dust , the observed trend between f dust and def Hi may just be an indirect correlation.
Interestingly, there is a98% chance of no correlation (τ = 0.00) with stellar mass, another key parameter in galaxy evolution (Fig 3, middle right panel) . There is a known positive trend between SFR and galaxy mass (see e.g. Speagle et al. 2014 , and references therein). Following the above reasoning, one might expect an indirect correlation between M and f dust . It appears that the indirect links are not strong enough to exhibit a trend between those two quantities. This indicates that galaxy mass is no indication of how much of the starlight is absorbed by dust. Wang & Heckman (1996) investigated this indirectly through the correlation between the F UV /F FIR flux ratio and ∆V Hi , the velocity dispersion of Hi gas. They interpret ∆V Hi as a proxy for stellar mass and the F UV /F FIR flux ratio as a tracer of the fraction of light from young stars that is escaping the galaxy. In a way, this is the inverse of the attenuation (which is the light not escaping). Their results suggest we should at least see some trend between f dust and M . However, both relations are difficult to compare, not only because different parameters are used, but also because the sample of Wang & Heckman (1996) is quite different. They investigated nearby galaxies with IRAS detection, while the HRS is K-band-selected. This way, early-type spirals are under-represented in their sample. These objects are usually more massive and lower in attenuation, which would contradict the trend they observe.
We investigated the changes in bolometric attenuation for different morphological types. Popescu & Tuffs (2002) claimed a strong dependence of the bolometric attenuation on morphological type. For early-type spirals, they found a mean bolometric attenuation of only 15%, whereas this rose to 30% for late-type spirals. The top right-hand panel of Figure 3 shows the distribution of the bolometric attenuation as a function of the morpho-logical type of the galaxies in our sample. The average value of f dust does increase from 23% for Sa galaxies to 37% for Sc galaxies and then remains more or less flat. For each individual class of galaxies, however, there is a significant spread in the values. Even for the Sa class, for example, the values vary between 5% and 50%. In fact, for each morphological class, the mean value for f dust is compatible with the global mean value of 32% within one standard deviation (see Table 1 ).
The variation is particularly high for galaxies classified as peculiar (Pec). While their median bolometric attenuation fraction is roughly consistent with late-type spirals, this subsample ranges between 5% and 50% in f dust . Naively, one would expect higher values, since galaxy mergers are usually associated with peculiar morphologies. Mergers can trigger star formation, which in turn boosts dust production, and can cause more attenuation. We visually inspected these galaxies and found that they cover a wide variety in shape and colour. Some have disk and spiral arms, and others are dust lane elliptical galaxies. None of them, however, show ongoing interaction with another galaxy. Their NUV-r colours range from 2.1 to 5.8, which illustrates the diversity in this class. We therefore do not consider them when investigating trends with morphology.
We ran a K-S test to investigate whether the f dust values for Sa-Sab galaxies, on one hand, and Scd-Sd, on the other, stem from the same distribution. The chance that both samples are the same is 7.50 × 10 −4 . We can thus state a slight increase in bolometric attenuation going from early-type spirals to late types. This is consistent with the previous claims by Popescu & Tuffs (2002) . The conclusion is that it is impossible to make a sensible estimate of the bolometric attenuation for individual galaxies based on their morphological type. Even for statistical studies, this cannot be done without introducing large errors.
Global extensive parameters, such as stellar mass and SFR, can be prone to scaling effects. A galaxy may contain much dust or form quite a few stars, but if the galaxy is a large and extended object, this will not translate into a strong attenuation. On the other hand, intensive parameters (such as sSFR = SFR/ M and surface density quantities) do hold information about the internal proportions of dust and starlight. One can naively expect galaxies with high sSFR to have more SFR per stellar mass, hence more dust. These objects are denser, which naturally induces more attenuation by dust.
With this motivation, we have plotted the bolometric attenuation as a function of parameters related to the internal galaxy environment in the bottom row of Fig. 3 . The sSFR is provided by MAGPHYS, and we computed the stellar mass surface density µ and the SFR surface density Σ SFR using the i band half-light radius following Cortese et al. (2012b) . There is an upward trend between f dust and the sSFR, with τ = 0.39 and p = 1.58 × 10 −15 . The correlation with Σ SFR is about as strong (τ = 0.37 and p = 2.96 × 10 −17 ) as with sSFR, but weaker than with SFR. We find no correlation with stellar mass surface density (τ = 0.01 and p = 0.81).
The galaxies classified as strong AGNs by Gavazzi et al (in prep.) do not exhibit different values for f dust . They occupy the same ranges in all of the correlations of Fig. 3 . This suggests that the central activity does not contribute significantly to the attenuation properties of the galaxy as a whole. For this reason, we did not treat them as a separate subsample when computing the correlation coefficients or mean attenuation values.
From our analysis with a statistically representative sample of the local universe, we can now confirm that one third of the produced starlight is attenuated by dust. For the bolometric attenuation, we find no tight correlation with main galaxy evolu- 0.32 ± 0.13 0.56 ± 0.22 tionary parameters. The strongest trend is an increasing bolometric attenuation with increasing SFR, which proves that more energy is absorbed in the more active galaxies.
The heating of dust in spiral galaxies
The corresponding results concerning the UV heating fraction (i.e. the percentage of dust luminosity that comes from absorbed UV photons) are shown in Figure 4 . The top left-hand panel shows the histogram of ξ UV for the 221 galaxies in the sample. The histogram shows a broad distribution that is peaked around 65%, but it is skewed towards lower values, such that the average value is only 56%. Notably, the full range of values between 0 and 100% is covered: in some galaxies nearly all of the luminosity absorbed by the dust is optical and NIR radiation, whereas in other galaxies, the dust heating is powered almost exclusively by UV radiation. The distribution of ξ UV over the different morphological types (top right panel) now shows a clear trend, with the average value increasing from less than 40% for the earliest type spirals to 85% for the Sm galaxies. Within every morphological class, however, there is no uniformity, and a broad range of values is found. We performed the same K-S test as for f dust , i.e. between the combined Sa-Sab sample and the Scd-Sd sample. The probability that both samples are statistically equivalent is 1.15 × 10 −5 for the ξ UV parameter. Potentially, the trend with morphology may be caused by the fact that early-type spirals have larger bulges and so contain more evolved stars relative to the ongoing star formation. The evolved stars then act as a second heating mechanism in the galaxy, causing the UV heating fraction to go down.
The middle left-hand panel of Fig. 4 shows that this time there is an anti-correlation with HI deficiency. The trend is stronger than with f dust (τ = −0.52 and p = 1.76 × 10 −32 ), albeit still with some scatter. We find ξ UV = 0.40 with a standard deviation of 0.23 for HI deficient galaxies (def Hi > 0.5) and ξ UV = 0.63 with an rms of 0.19 for galaxies with def Hi < 0.5. A K-S test showed that the change of both samples coming from the same distribution is 4.02 × 10 −8 . It appears that the environment has a stronger effect on the UV heating fraction than on the bolometric attenuation. We can again interpret this trend in the context of star formation quenching as described in section 4.1 or as an effect of dust stripping. This process shuts down an important source of UV light, causing the UV contribution to the total attenuation to go down. This is in line with a significant (but weaker than with f dust ) positive trend with SFR (τ = 0.26 and p = 3.32 × 10 −9 ). In the middle right-hand panel in Fig. 4 , an inverse trend between ξ UV and stellar mass can be noted with τ = −0.42 and p = 8.70 × 10 −22 . UV radiation dominates the absorbed luminosity in the less massive galaxies, and this portion decreases gradually if we move to higher stellar masses. The picture does not really improve when plotting the surface density parameters Σ SFR and µ in the bottom row (middle and right panels). In the correlation with the UV heating fraction and µ , the trend is steep and we find τ = −0.32 with p = 2.73 × 10 −13 . That would mean the stellar density has very little influence on the attenuation in the UV. Considering that µ indirectly traces the radiation field of the older stellar populations, this is not surprising. Old stars in general do not dominate the UV radiation field. The trend between Σ SFR and ξ UV is stronger (τ = 0.35 and p = 1.20×10 −15 ) than the one with SFR. When more stars are formed per unit of area, the UV radiation field is higher and more UV light can be absorbed.
Most interesting is the correlation between ξ UV and the sSFR, as shown in the bottom left-hand panel. Here we obtain a tight correlation, with τ = 0.70 and a very low p = 1.37 × 10 −58 . Galaxies with a low sSFR (sSFR < 10 −11 yr −1 ) all have low UV heating, whereas in all galaxies with sSFR 10 −10 yr, −1 the absorbed dust luminosity is dominated by UV radiation. Since the scatter on this trend is much smaller compared to the other trends, sSFR seems like the best option for tracing the UV heating in spiral galaxies. A similar trend was also identified by De Looze et al. (2014) . They used radiative transfer simulations to quantify the dust heating fraction due to young stars and found that high heating fractions correspond with high levels of sSFR and vice versa. We quantified our relation by fitting a power law function to the data points and find
which gives ξ UV in percentage points for a sSFR in yr −1 . Uncertainties on the coefficients were derived through a Monte Carlo method with 1000 iterations.
Both parameters are related to the excess in UV emission to the emission of the evolved stellar population. The more stars that are formed per unit of stellar mass, the stronger the radiation field. This will heat the dust (mainly through absorption of UV photons) and produce more MIR and FIR dust emission. On the other hand, we do not find a strong correlation with SFR. This is consistent with the fact that galaxies in our sample with higher SFR are simply larger (higher M ) galaxies. The intrinsic properties of the radiation field are less influenced by this scaling effect. In this case, it is thus more valuable to look at sSFR than at extensive parameters, such as SFR or M .
We again note that the AGNs do not stick out as having different ξ UV values. They follow the trends of the other galaxies in Fig. 4 . In our subsequent analysis, we no longer plot them as a separate subsample.
Calibrating the IRX vs. A FUV relation
Our models allow us to revisit the IRX vs. A FUV relation for late-type galaxies. There is a strong trend between those two properties, but also a wide spread (see Fig. 5 ). The main difficulty for constructing this relation is a reliable measurement of A FUV . This quantity requires information of the intrinsic, unattenuated SED, which has, up to now, not been easy to obtain. Therefore, previous calibrations of the IRX vs. A FUV relation started from the well-studied and observable IRX vs. β relation, where β is the slope of the UV SED (Calzetti et al. 1994; Meurer et al. 1999; Kong et al. 2004; Hao et al. 2011) . They then rely on theoretical or semi-empirical considerations to derive A FUV . More recently, Boquien et al. (2012) have demonstrated that it is possible to use panchromatic SED fitting as a way to determine A FUV independently and link it to the IRX -β relation. , hereafter C08, find that the spread on the IRX-A FUV relation was closely related to the star formation history. They assumed a SFH 'a la Sandage' in the formalism of Gavazzi et al. (2002) , which is parametrized by τ, the time after formation at which the star formation in the galaxy peaks. This parameter is related to the sSFR, which is easier to derive from observations. To provide a more empirical calibration of the scatter in the TIR/FUV vs. A FUV relation, we make use of the close correlation of NUV − r and sSFR. The former is easy to obtain, even without making any model asumptions. In our model, we define IRX ≡ TIR/FUV = L dust /L att FUV . And A FUV was derived using Eq. 2, which is a direct determination, without having to work through the IRX-β relation. We plot the correlation between IRX and A FUV in Fig. 5 and colour code them according to NUV − r colour. A clear, nonlinear but monotonic trend is indeed visible. Galaxies with a high FUV attenuation also have a high TIR/FUV ratio. The scatter in the plane correlates well with NUV − r, with blue galaxies exhibiting more FUV attenuation than redder galaxies. The trends make sense in the picture where more active galaxies are bluer and hold relatively more dust (hence more attenuation). This dust is heated to higher temperatures because star formation acts as a second dust heating source. Consequently, the IRX ratio increases. Additionally, we plot the relations found by C08 for τ = 2.8, 4.0, and 7.0, corresponding to galaxies of old, intermediate, and young stellar populations. The theoretical relations by C08 follow the trend closely. The relation for galaxies with old (young) stellar populations follows the data points with high (low) NUV-r colours. This is again comforting for our model, but also opens the opportunity to calibrate this correlation. Finally, in Fig.5 , the relation found by Boquien et al. (2012) is shown. This relation was derived from seven local face-on spirals, and they found a strong similarity (−0.3 < ∆A FUV < 0.16) between their relation and previous parametrisations of the IRX-A FUV relation from different samples (Burgarella et al. 2005; Buat et al. 2011; Hao et al. 2011) . These relations are consistent with the blue HRS galaxies (NUV − r ≈ 0), but do not follow the IRX-A FUV trend for redder galaxies. This again calls for a parametrisation depending on NUV − r or sSFR.
We divided our sample in 11 bins of 20 galaxies according to their NUV − r colour. We chose to fit a second-order polynomial to the data in each bin. The number of data points did not allow us to go to higher order polynomials. Unfortunately, adding more galaxies per bin would increase the spread on NUV − r within one bin. To fit with more general functions (with more free parameters), we need to increase the number of galaxies per bin without increasing the spread on NUV − r. This is currently not possible with our dataset. However, we consider this a good trade-off, which covers a wide range in NUV − r with sufficient resolution to be applicable on other sets of late-type galaxies. Figure 6 shows the best fit polynomial for each sSFR bin, together with a few relations from C08. The best fit parameters are listed in Table 2 . This framework provides a physical relation between IRX, NUV − r, and A FUV and a more direct way to estimate the attenuation in the FUV band. Both NUV − r and TIR/FUV are relatively easy to determine for large samples of galaxies (e.g. following Galametz et al. 2013; Chang et al. 2015) . Our calibration allows computing the intrinsic FUV radiation and gives insight into the dust attenuation in a galaxy. On the other hand, if A FUV can be derived (following our approach or any other) together with the NUV − r, our relations give a rather precise value for the total infrared luminosity. This quantity is important Table 2 . Conversion relations for the log(TIR/FUV) vs. A FUV relation for different bins of NUV − r. The last column shows ∆A FUV , the average absolute deviation in A FUV from the polynomial relation. for studying galaxies near and far, but it is only available for a part of the galaxies in the observed universe. We do not claim that these polynomial relations are physically motivated. They were used to give a good functional representation of the observed relations. In this respect, they hold within the parameter range of the calibrating data and can be used to interpolate within this range. We caution against extrapolating beyond the calibrated parameter ranges or applying these relations on objects with highly different properties than our calibration sample.
Robustness of the results
Our results were derived by a physically motivated model for a galaxy's SED. In the first place, our goal was to investigate whether there are observable trends and which ones are worth pursuing. In that aspect, MAGPHYS provides self-consistent results that can be used to probe these correlations. However, the absolute values of the best fit parameters may differ from those derived from single-band tracers or alternative methods. It is worth investigating model dependencies that can influence our results.
As a first test, we derived the bolometric attenuation from pure observable quantities without any underlying model assumptions. To do this, we did a linear interpolation (in log-space) between the FUV-500 µm data points. The purely empirical SED was then integrated from the UV to the submm to obtain L bol . Similarly, we integrated the purely empirical SED from 4 µm to the submm data points to compute L IR . The bolometric attenuation can then be estimated as f dust ≈ L IR /L bol . The top left-hand panel in Fig. 7 shows a very tight correlation between the empirical and model f dust . The Pearson correlation coefficient r (aimed at probing linear relations) is close to unity, and the chance p of no linear correlation is virtually zero. However, the trend does not follow a strict 1:1 relation; MAGPHYS produces slightly higher f dust fractions.
The underlying reason for this situation is that the L dust from MAGPHYS is systematically higher than the observed L IR . The bolometric luminosities do match closely. This discrepancy is most likely linked to the integration interval. For the observed L IR , we integrated from 4 µm to the last available submm data point (500 µm in most cases). This is less straightforward in the case of MAGPHYS, where the dust SED is defined from 0.1 − 1000 µm. Although the SED is virtually zero in the 0.1 − 3 micron regime, some flux from hot dust can contribute to the total L dust that is not captured in our L IR . Additionally, PAH peaks are included in the MAGPHYS model, but not in the observed SED owing to a lack of spectral resolution. As a result it is not surprising that MAGPHYS produces slightly higher total dust luminosities. This is also one of the reasons for choosing for a full SED model, rather than an ad hoc integration of the observed SED. The correlations we examined in the previous section still hold when using the empirical f dust because the link with the MAGPHYS f dust is tight and linear. In a second test, we verified the validity of the MAGPHYS attenuation model of Charlot & Fall (2000) . Interstellar and circumstellar dust extinction are described by a few parameters, and their relative contribution is also a free parameter (for more details, see da Cunha et al. 2008 ). This parametrization creates enough diversity in the attenuation curves to cover a realistic range of attenuation levels. The dust model in MAGPHYS is a rather ad hoc, but physically motivated dust emission model. The dust SED is a combination of modified black bodies with different temperatures and emissivities, and a template for the PAH features based on M17 (da Cunha et al. 2008) . It is difficult to compare this to self-consistent, physical dust models from e.g. Zubko et al. (2004) , Draine & Li (2007) or Jones et al. (2013) . Those models naturally yield extinction properties that (together with the dust distribution) lie at the basis of the attenuation curve. In MAGPHYS, the extinction model and the dust emission model are in fact two different entities. A handful of dust-related free parameters determine the shape of the MIRsubmm SED, but it is the forced coupling with the absorbed starlight that drives the total dust luminosity. This so-called energy balance was modelled so that the total dust luminosity falls within 15% of the total absorbed stellar energy. The attenuation curve is consequently shaped by this combination of stellar and dust SEDs, not by imposing an attenuation or extinction law beforehand. For example, for galaxies with the same optical SED, the galaxy with the highest dust luminosity will have higher values of attenuation.
The reliability of MAGPHYS for different intrinsic galaxy attenuation curves has been studied by . They performed MAGPHYS fits of synthetic galaxies created by a combination of radiative transfer and hydrodynamical simulations, where the intrinsic SED is known. They found that MAGPHYS was able to reproduce the intrinsic SED quite well if the attenuation curve did not deviate significantly from the true attenuation curve. In their tests, MW and LMC curves returned reliable fits, while SMC-type attenuation curves showed more discrepancy. It is not possible to measure the true attenuation curve for our sample, but we can argue that these local, star forming galaxies are not particularly low in metallicity (Hughes et al. 2013b ) and fall in the same class of large spirals like the MW. It is therefore likely that they will not have an SMC-like attenuation curve and our models provide a good estimate of the attenuation curve. It is difficult to quantify these model uncertainties, but this falls beyond the scope of this work.
The MAGPHYS extinction model does not include a bump at NUV wavelengths, as observed for the Milky Way or the LMC (Gordon et al. 2003; Fitzpatrick & Massa 2007) . The absence or presence of an NUV bump will affect the model NUV flux. To check any influence on the determination of our attenuation parameters, we re-ran the fitting excluding the NUV data point from the SED of all galaxies. From the new set of models, we again computed f dust , ξ UV , and A FUV . These NUV-less quantities are compared to their original values in Fig. 7 . The bolometric attenuation is relatively unaffected by the exclusion of the NUV point. We find a Pearson coefficient r of 0.99. This is expected because the additional extinction by the NUV-bump is relatively small compared to the total absorbed energy. The effect is greater for the UV heating fraction, although MAGPHYS still retrieves the same best fit model in most cases and r = 0.97. For 18 galaxies, no UV data points are left after removing the NUV point. This leaves only little constraint on the UV attenuation curve, making comparison difficult. Consequently they make up half of the scatter in the plots in the bottom row of Fig. 7 . The determination of A FUV appears to be quite robust against the exclusion of the NUV point, especially for higher values of attenuation. At the low attenuation side, MAGPHYS is more likely to find a different best fit model. However, these models still yield an attenuation that is relatively close to the old one, and no outliers are found. This results in a comforting r value of 0.98.
A final concern is whether MAGPHYS is able to capture the star formation history (SFH) of the galaxies in our sample. MAGPHYS adopts an exponentially declining SFH with a random chance of starbursts occurring over the lifetime of the galaxy. The reliability of this formalism has been tested by for the same set of hydrodynamical simulations as in the discussion above. Although they are able to retrieve the intrinsic SFHs for normal galaxies, it requires marginalising over the library of fitted SEDs. In fact, they find that the SFH of the best fit model is not reliable. Unfortunately, they do not test the influence of the SFH discrepancy on any of the MAGPHYS output parameters, such as stellar mass and SFR. Additionally, for more complex SFHs such as strong bursts and mergers, MAGPHYS is not able to retrieve the SFH even when marginalising over the fitted SEDs. In contrast, when star formation is quenched in a galaxy, a truncated SFH model is necessary according to Ciesla et al. (submitted) . They fitted their truncated SFH model to the same sample as ours (HRS late-type galaxies) using CIGALE (Noll et al. 2009 ). They found little difference with fitting results of a double exponentially declining SFH with a short burst for normal spirals. However, HI deficient spirals were usually better fitted by the truncated SFH, with the main difference being a better fitting UV part. However, the SFH they compare with differs from the MAGPHYS SFH, which uses an exponential model with random short bursts. Without this addition of multiple short bursts, it appears to be difficult to produce an UV SED that fits both GALEX data points. In our MAGPHYS fits, even for the HI deficient galaxies, the SED matches the GALEX observations for virtually all galaxies.
From these two recent studies, it is not clear how strong the influence of the SFH is on the key parameters we use in this work. MAGPHYS has been tested and proved to give consistent estimates of main galaxy parameters for various samples of local star forming galaxies (e.g. da Cunha et al. 2008 Cunha et al. , 2010 Smith et al. 2012a; Driver et al. 2015 , and reference therin). Although the SFH can influence parameters, such as stellar mass and SFR during the evolution of a galaxy, there is a strong degeneracy, and many SFH models can reproduce the same observed M and SFR. Michałowski et al. (2014) investigated the effect of the SFH parametrisation on stellar mass for a set of simulated submm galaxies. They found that MAGPHYS slightly overestimates the true stellar masses. We can compare the SFRs from this work with the ones derived in Boselli et al. (2015) . They determined the SFR for HRS late-type galaxies using several observational tracers and also using SED fitting. We find strong correspondence in SFR across the sample, with Pearson's correlation coefficients over 0.85. There is, however, a systematic offset of about 0.1-0.3 dex between our values (which are lower) and the different tracers from Boselli et al. (2015) . Without going into detail, we attribute these systematic offsets to differences in the modelling. This includes different assumptions in the SFH and has also been found by Pacifici et al. (2015) for a sample of galaxies at redshifts 0.7-2.8. On the other hand, Buat et al. (2014) investigated the SFR for a sample of z > 1 galaxies using SED fitting again with different SFHs. They found that the SED-derived SFRs are slightly higher than the classical IR+FUV tracer. The bottom line here is that while this may influence the absolute location of the correlations in the plots with f dust and ξ UV , it does not neutralise the trends we found.
It is even more difficult to quantify how the SFH influences the attenuation curve and the derived parameters f dust , ξ UV , and A FUV . There is a strong need for more research in this area. In particular, the mutual influence of the dust model and the SFH model on retrieving the correct attenuation curve of galaxies is an important question to address in the future.
Conclusions
We have performed panchromatic (UV-submm) SED modelling of the HRS late-type galaxies. Our main goal was to quantify the total amount of absorbed energy by dust. We used the power of MAGPHYS to investigate the difference between the observed and the intrinsic (dust free) SEDs of our sample and derive three key parameters; the bolometric dust fraction f dust , the UV heating fraction ξ UV , and the FUV attenuation A FUV . We connected these quantities to key parameters of galaxy evolution, such as M , SFR, and sSFR. Our main conclusions are:
-The mean bolometric attenuation f dust is 32% for our sample. For local, star forming galaxies about one third of the energy produced by stars is absorbed by dust. This number is, quite surprisingly, in line with previous estimates derived from small and incomplete samples. -We confirmed a weak trend between f dust and morphological type. A broad range of f dust values were found for each type of galaxy. The strongest correlation (τ = 0.44) was found with SFR, but still with significant scatter. -The mean UV heating fraction ξ UV = 0.56, but with a broad distribution. For our sample, more than half of the stellar energy is absorbed in the UV domain. -There is a clear trend between ξ UV and morphological type with significantly higher UV heating in galaxies of later type. We also found a strong correlation with sSFR, a known indicator of the heating of dust. The relation is not linear, and we provided a power law fit in equation 3. -We find no evidence that the presence of a strong AGN in a galaxy affects the attenuation properties that galaxy. -We revisited the IRX vs. A FUV relation with both quantities derived directly from the best fit models, offering a selfconsistent framework. We calibrated this relation for different values of NUV −r, using a second-order polynomial. The best fitting relations are given in Table 2 . This framework allowed us to estimate A FUV based on quantities that are relatively easy to obtain and to determine the FIR properties of galaxies lacking observations in this regime.
The HRS is designed to provide a concise view of the large galaxies in our local universe. The results of this work should therefore be representative for nearby spirals. The derived relations can be applied to a larger set of local galaxies and can be compared with a similar analysis at higher redshift. The latter in particular could yield important insight into the evolution of energy absorption and reprocessing by dust. MAGPHYS and other energy balance codes are ideal tools for performing this kind of study in a relatively fast and straightforward way. However, the results are still an interpretation through the underlying galaxy model inherent to the code. While the results appear to be robust, it is still uncertain how well the star formation history and the attenuation curve are reproduced. The effect of a discrepancy in one or both of these two key elements on our parameters is difficult to quantify and requires a more dedicated investigation.
